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(54) INTEGRATED FAILSAFE PULLDOWN CIRCUIT FOR GAN SWITCH

(57) Circuits and devices are provided for reliably
holding a normally-off Gallium Nitride (GaN) power tran-
sistor, such as a Gate Injection Transistor (GIT), in a
non-conducting state when a gate of the power transistor
is not driven with an active (turn-on) control signal. This
is accomplished by coupling a normally-on pulldown tran-
sistor between the gate and the source of the power tran-
sistor, such that the pulldown transistor shorts the gate
to the source when the power transistor is not set for its

conducting state. The pulldown transistor is preferably
located on the same semiconductor die as, and in close
proximity to, the power transistor, so as to avoid spurious
noise at the power transistor gate that may unintention-
ally turn on the power transistor. A pulldown control circuit
is coupled to the gate of the pulldown transistor and au-
tonomously turns off the pulldown transistor when the
power transistor is set to conduct.
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Description

[0001] The present application relates to a circuit to-
pology and an integrated power switch device that in-
clude a failsafe circuit for reliably holding a normally-off
Gallium Nitride (GaN) transistor, or similar, in a non-con-
ducting state when a gate of the GaN transistor is not
being driven with an active (turn-on) control signal.
[0002] Gallium Nitride (GaN) based switches, and oth-
er similar High Electron Mobility Transistors (HEMTs)
based on heterojunctions, provide high voltage support,
low drain-to-source on resistance, low gate-drive charge
requirements, and fast switching. As a result of these
characteristics, GaN-based switches are increasingly
being used in applications that require high efficiency and
high-frequency support, including, notably, switching
power converters. However, some GaN-based switches
have unique gate-drive requirements, as compared with
conventional metal-oxide semiconductor field-effect
transistors (MOSFETs) and bipolar junction transistors
(BJTs), and typically require complex gate-drive circuitry.
[0003] A GaN-based switch in its native state is a nor-
mally-on (depletion-mode) device. Such a device con-
ducts current from its drain to its source when no voltage
is applied to its gate, relative to its source, and requires
application of a negative voltage to its gate to force the
device into a non-conducting (blocking) state. Such nor-
mally-on behavior is unsuitable for most applications.
Hence, modifications to GaN-based switches have been
developed so as to convert them into normally-off (en-
hancement-mode) devices. For example, a p-doped
GaN layer introduced between the gate metal and the
heterostructure of a GaN-based switch has the effect of
raising the switch’s turn-on/off voltage threshold to a pos-
itive value, thereby providing a normally-off device. En-
hancement-mode switches based on such a gate struc-
ture are known as Gate Injection Transistors (GITs).
[0004] GaN-based GITs have a relatively low threshold
voltage for switching between their conducting (on) and
blocking (off) states. This threshold voltage is typically in
the range of 1.2 to 3.5V, which is significantly lower than
corresponding thresholds, e.g., 5V, for other power MOS-
FETs. Additionally, HEMTs, including GaN-based GITs,
have low gate-to-source and gate-to-drain capacitances,
which are notably smaller than corresponding capaci-
tances in other power MOSFETs. While the low threshold
voltage and low gate capacitance of a GaN-based GIT
advantageously provide fast switching speeds and low
gate charge requirements, these characteristics also
make a GaN-based GIT susceptible to being undesirably
turned on due to voltage perturbations at the gate of the
GIT during intervals when the GIT is intended to be held
in its non-conducting (blocking) state. For example, noise
at the gate could cause its voltage to rise above the GIT’s
threshold voltage, though the gate is intended to be held
at a low voltage. Such noise may occur during operational
intervals when the GIT is intended to be held in its non-
conducting state, and during start-up intervals during

which the gate may not yet be provided with a driven
control signal. Additionally, the gate voltage may be sus-
ceptible to ringing after the control voltage is transitioned
from a high (turn-on) voltage level to a low (turn-off) volt-
age level. The voltage level of the ringing can exceed the
GIT’s threshold voltage, thereby unintentionally turning
on the GIT.
[0005] The above problems are conventionally ad-
dressed using complex circuitry customized for driving
GaN-based GITs or similar enhancement-mode HEMTs.
Such circuitry typically drives a negative voltage onto the
gate to turn off the GIT, thereby providing significant mar-
gin between the driven gate voltage and the turn-on
threshold voltage of the GIT. This margin allows the GaN-
based GIT to be reliably held in its non-conducting (block-
ing) state. A resistor-capacitor (RC) circuit is often includ-
ed in the driving circuitry, so as to provide high current
when the GaN-based GIT is initially transitioned to a con-
ducting state. Lower current is provided subsequently to
maintain the conducting state of the GIT. The RC circuit
additionally has the effect of applying a relatively high
magnitude of the negative voltage when the GaN-based
GIT is transitioned off, and this negative voltage dissi-
pates towards zero as the off interval proceeds. Typical
driving circuitry, as described above, includes at least
two and as many as four driver switches, each of which
must be controlled, and provides three or four voltage
levels to the gate.
[0006] The typical GIT driver circuitry described above
has many problems. First, the negative voltage provided
at the gate during the turn-off interval leads to a large
required voltage swing when the GIT is transitioned to
its conducting state, thereby slowing the transition and
the potential switching speed of the GIT. Second, the
RC-based dissipation means that the level of the nega-
tive voltage will vary according to the switching duty cycle,
thereby leading to transition times that are inconsistent,
which complicates the use and control of the GIT. Third,
while the negative voltage described above reliably holds
the GIT off during steady-state operation, spurious non-
zero voltage during an initial start-up interval, before the
negative voltage is driven to the gate, may undesirably
turn on the GIT. Fourth, the negative voltage adds an
offset to the effective reverse body diode voltage, thereby
increasing the threshold voltage of the effective reverse
body diode and increasing associated losses. Lastly, the
driver circuitry is quite complex, and requires fairly com-
plex control of switches within the driver circuit itself.
[0007] Circuits and power switch devices that incorpo-
rate GaN-based GITs, or similar, are provided. These
circuits and devices are configured such that may be driv-
en by drivers that are simpler than existing drivers for
GaN-based GITs, and that do not require use of a neg-
ative gate voltage to safely hold a GIT in its non-conduct-
ing state. Such configurations address the above-de-
scribed problems, and allow for use of a relatively simple
two-level driver for driving a power switch device that
includes a GaN-based GIT.
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[0008] According to an embodiment of a power device,
the power device includes a normally-off power transis-
tor, first and second load terminals, a control terminal,
an effective Kelvin-source terminal, and a failsafe pull-
down circuit. The first load terminal is electrically con-
nected to a drain of the power transistor, the second load
terminal is electrically connected to a source of the power
transistor, and the control terminal is electrically connect-
ed to a gate of the power transistor. The failsafe pulldown
circuit comprises a normally-on pulldown transistor and
a pulldown control circuit for controlling the pulldown tran-
sistor. The pulldown transistor has a pulldown gate, a
pulldown source and a pulldown drain, and is configured
to short the power transistor gate to the power transistor
source, unless a turn-on voltage of the power device is
applied across the control terminal and the KS terminal.
The pulldown control circuit is connected between the
pulldown gate and the pulldown source, and is configured
to autonomously apply a negative voltage to the pulldown
gate, relative to the pulldown source, when a turn-on volt-
age is applied between the control and the effective Kel-
vin-source terminals. The pulldown control circuit is fur-
ther configured to autonomously discharge the negative
voltage when the turn-on voltage is not applied between
the control and Kelvin-source terminals.
[0009] According to an embodiment of an electronic
switch device, the switch device includes a normally-off
power transistor, first and second load terminals, a con-
trol terminal, an effective Kelvin-source terminal, and a
failsafe pulldown circuit. The first load terminal is electri-
cally connected to a drain of the power transistor, the
second load terminal is electrically connected to a source
of the power transistor, and the control terminal is elec-
trically connected to a gate of the power transistor. The
power transistor and the failsafe pulldown circuit are in-
tegrated on the same semiconductor die. The failsafe
pulldown circuit comprises a normally-on pulldown tran-
sistor and a pulldown control circuit for controlling the
pulldown transistor. The pulldown transistor has a pull-
down gate, a pulldown source and a pulldown drain, and
is configured to short the power transistor gate to the
power transistor source, unless a turn-on voltage of the
power device is applied across the control terminal and
the KS terminal. The pulldown control circuit is connected
between the pulldown gate and the pulldown source, and
is configured to autonomously apply a negative voltage
to the pulldown gate, relative to the pulldown source,
when a turn-on voltage is applied between the control
and the effective Kelvin-source terminals. The pulldown
control circuit is further configured to autonomously dis-
charge the negative voltage when the turn-on voltage is
not applied between the control and the effective Kelvin-
source terminals.
[0010] Those skilled in the art will recognize additional
features and advantages upon reading the following de-
tailed description, and upon viewing the accompanying
drawings.
[0011] The elements of the drawings are not neces-

sarily to scale relative to each other. Like reference nu-
merals designate corresponding similar parts. The fea-
tures of the various illustrated embodiments may be com-
bined unless they exclude each other. Embodiments are
depicted in the drawings and are detailed in the descrip-
tion that follows.

Figure 1 illustrates a schematic diagram of a power
switch device including a failsafe pulldown circuit.

Figures 2A, 2B, and 2C illustrate examples and al-
ternative circuits for the voltage clamp of the failsafe
pulldown circuit.

Figure 3 illustrates an example of voltage waveforms
corresponding to the power switch device of Figure
1.

Figure 4 illustrates a layout for the power switch de-
vice of Figure 1, when the power switch device is
integrated in a GaN die.

Figures 5A, 5B, and 5C illustrate schematic dia-
grams of circuits for driving the power switch device
of Figure 1.

[0012] The embodiments described herein provide cir-
cuits and devices that include a failsafe pulldown for the
gate of a power switch. While the described examples
use a Gallium Nitride (GaN) based Gate Injection Tran-
sistor (GIT) as the power switch, the techniques are ap-
plicable to other transistor or semiconductor types includ-
ing, notably, other enhancement-mode High Electron
Mobility Transistors (HEMTs) characterized in having low
turn on/off threshold voltages and low gate capacitances.
The failsafe pulldown prevents the power switch from
being unintentionally turned on due to spurious noise or
ringing, and does not require use of a negative voltage
at the gate of the power switch. Many of the problems
associated with applying a negative voltage to the power
switch gate are, thus, avoided.
[0013] The embodiments are described primarily in the
context of a power switch device in which a failsafe pull-
down circuit and a power switch (e.g., a GIT) are inte-
grated in the same GaN semiconductor die. However,
the die could similarly be comprised of some other group
III/V semiconductor or a silicon-based semiconductor.
The described integration of the failsafe pulldown circuit
and the power switch presents significant advantages in
reliably maintaining a desired turn-off (non-conducting)
state of the power switch. In particular, such integration
minimizes parasitic inductances between the gate of the
power switch and the failsafe pulldown circuit, thereby
constraining voltage ringing that potentially occurs when
the control voltage driven to the gate transitions between
high and low voltage levels. The reduced ringing effec-
tively clamps the power switch’s gate-to-source voltage
close to zero during turn-off intervals, which prevents un-
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intended turning on of the power switch. Integration of
the failsafe pulldown circuit in close proximity to the power
switch also reduces interconnect paths (e.g., traces, ter-
minals), thereby minimizing the potential for noise to cou-
ple onto the gate. This also prevents unintentional turning
on of the power switch, particularly when no drive signal
is applied to the gate as occurs during start-up intervals.
[0014] While the embodiments are described primarily
in the context of an integrated power switch device in-
cluding both a failsafe pulldown circuit and a power
switch, the failsafe pulldown circuit and the power switch
may be provided on separate dies, i.e., may not be mon-
olithically integrated. Such a solution provides improve-
ment over prior circuitry for controlling a GIT, but may
not achieve the significant advantage of reduced noise
(improved reliability) that is provided by an integrated
power device.
[0015] The failsafe pulldown circuit and the power
switch may be provided on separate dies that are inte-
grated within the same package, i.e., within a system-in-
package or multichip module. Such a system-in-package
achieves reduced parasitics and improved reliability as
compared with a solution spread across separate pack-
ages, but may not achieve the same level of performance
as a solution wherein the failsafe pulldown circuit and the
power switch are integrated on the same die.
[0016] The power switch device may be controlled by
a driver that is considerably simpler than typical drivers
used for controlling GITs, and that notably avoids com-
plex switching sequences (state machines) within the
driver and circuitry for generating a negative voltage. Fur-
thermore, the power switch device may be controlled us-
ing only two voltage levels, rather than the three or four
voltage levels typically required for driving a GIT. The
failsafe pulldown circuit requires no separate control sig-
nalling, and is effectively controlled using the same two-
level voltage signal that drives the gate of the power
switch (GIT). Hence, the drivers used to control the power
devices (GITs) described herein may be similar to other
gate drivers, including those used in driving conventional
MOSFETs. Examples of drivers that may be used in con-
junction with the power switch devices herein are de-
scribed further below.
[0017] Figure 1 illustrates an embodiment of a power
switch device 100 according to the invention. The power
switch device 100 includes a power switch Q1, a first load
terminal 106, a second load terminal 108, a control ter-
minal 102, an effective Kelvin-source terminal 104
(henceforth termed a KS terminal for brevity), and a fail-
safe pulldown circuit 120. The illustrated power switch
Q1 is a GaN-based GIT, which is a type of enhancement-
mode HEMT. The power switch Q1 has a drain, which is
connected to the first load terminal 106, a source, which
is connected to the second load terminal 108, and a gate,
which is connected to the control terminal 102. The KS
terminal 104 is connected, via the failsafe pulldown circuit
120, to the source of the power switch Q1, and provides
a reference terminal for an external driver circuit that

drives the gate of the power switch Q1. (Such a driver
circuit is not shown in Figure 1, but is shown in each of
Figures 5A, 5B, and 5C.)
[0018] The power switch Q1 is a normally-off device,
but has a relatively low threshold voltage for turning on
or off, e.g., in the range of 1.2 to 3.5V for a GaN-based
GIT. This, in addition to the low gate capacitances of the
power switch Q1, makes it susceptible to unintentional
transitions to a conducting state. The failsafe pulldown
circuit 120 prevents such unintentional transitions, and
does so autonomously, i.e., no separate external signals
are required to control the failsafe pulldown circuit 120.
In particular, the failsafe pulldown circuit 120 shorts the
gate and source of the power switch Q1 together, such
that there is no positive control voltage VGS to turn on
the power switch Q1, during periods when the voltage
provided across the control and KS terminals 102, 104
is below a turn-on voltage for the power device 100, or
when this voltage is not driven, e.g., is floating.
[0019] The failsafe pulldown circuit 120 includes a nor-
mally-on pulldown switch Q2, a voltage clamp 122, and
a pulldown resistor RPD. The normally-on pulldown
switch Q2 is preferably fabricated in the same or a similar
technology as the power switch Q1, and in the same die
as the power switch Q1. For the illustrated example
wherein the power switch Q1 is a GaN-based GIT (en-
hancement-mode HEMT), the pulldown switch Q2 is pref-
erably a depletion-mode GaN-based HEMT. Such a pull-
down switch Q2 is turned off (set to a blocking mode)
when its gate-to-source voltage VPD_GS is sufficiently
negative, e.g., below a turn-off threshold voltage VPD_THR
that is typically in the range of -4V to -7V. Otherwise,
including when zero pulldown gate-to-source voltage is
applied and when no voltage is actively driven across the
pulldown gate and source, the pulldown switch Q2 con-
ducts. Locating the pulldown switch Q2 in the same die
as the power switch Q1 and in close proximity to the gate
and source of the power switch Q1 makes it extremely
unlikely for the power switch Q1 to unintentionally be tran-
sitioned to its on state.
[0020] The voltage clamp 122 is configured to generate
a pulldown gate-to-source voltage VPD_GS that is below
the negative threshold voltage VPD_THR that is required
to turn off the pulldown switch Q2, during intervals when
the power switch Q1 is on (conducting). The voltage
clamp 122 may be, or be modelled as, a diode having a
threshold voltage. The magnitude of the forward thresh-
old voltage for a typical diode is lower than the magnitude
of the turn-off threshold voltage VPD_THR of the pulldown
switch Q2. Hence, the voltage clamp 122 may include
several diodes cascaded (stacked) in series, so as to
achieve a clamping voltage VCL that is required to turn-
off the pulldown switch Q2, i.e., VCL > |VPD_THR|. Example
circuits for implementing the voltage clamp 122 using
GaN-based diodes are described below in conjunction
with Figure 2.
[0021] The pulldown resistor RPD ensures that the pull-
down switch Q2 is turned back on under no power/signal
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conditions. For example, if no voltage is being driven
across the control and KS terminals 102, 104, the pull-
down resistor RPD ensures that the pulldown gate and
pulldown source are pulled to the same voltage, i.e.,
VPD_GS = 0, thereby turning on the pulldown switch Q2,
so as to short the power transistor gate to the power
transistor source. In a preferred embodiment in which
the power and pulldown switches Q1, Q2 are integrated
in the same semiconductor die, the pulldown resistor RPD
is also integrated in the same semiconductor. For the
example of a GaN semiconductor die, the pulldown re-
sistor RPD is also made of GaN. In particular, the pulldown
resistor RPD may include one or more two-dimensional
electron gas (2DEG) regions of the GaN semiconductor
die, which is substantially a GaN HEMT without the gate.
[0022] Figures 2A, 2B, and 2C illustrate circuits 222a,
222b, 222c that can be used for the voltage clamp 122.
These circuits are each comprised of GaN transistors,
and can thus be integrated in the same GaN semicon-
ductor die as the power transistor, e.g., when it is a GaN-
based GIT. The voltage clamp circuits 222a, 222b, 222c
are each constructed using normally-off GaN based
switches that are configured as two-terminal diodes.
[0023] Figure 2A illustrates a voltage clamp 222a that
includes multiple GaN-based GITs Q1a, ... QNa, each of
which is configured as a gated diode. Each of the gated
diodes is a normally-off GaN-based switch having its gate
directly tied to its source, thereby converting the switch
into a two-terminal device (diode) in which the
gate/source serves as an anode and the drain serves as
a cathode. Such a gated diode typically has a threshold
(knee) voltage of 0.9V to 1.5V. For an example in which
the pulldown switch Q2 has a threshold voltage of -6V
and wherein at least 1V of margin beyond the threshold
is desired, N = 8 of the gated diodes are needed to provide
the desired clamp voltage VCL > 7V at a diode threshold
voltage of 0.9V. Such an implementation may be unde-
sirable due to the die size required by the numerous gated
diodes Q1a, ... QNa, and due to the range of the threshold
voltages, i.e., the clamp voltage VCL may range between
7.2V and 12V for N = 8 gated diodes.
[0024] Figure 2B illustrates a voltage clamp 222b that
includes three GaN-based GITs Q1b, Q2b, Q3b, each of
which is configured as a PN diode. Each of these PN
diodes is a normally-off GaN switch with its drain and
source connected, thereby converting the switch into a
two-terminal device (diode) in which the gate is the anode
and the drain/source is the cathode. Such a PN diode
has a relatively stable threshold (knee) voltage of about
3.3V, but somewhat limited current handling compared
to the gated diode. While fewer such PN diodes are re-
quired in the voltage clamp as compared to gated diodes,
each of the PN diodes requires more die size to handle
the same current level as a similar gated diode. To
achieve a desired clamp voltage VCL > 7V, three of the
PN diodes, shown as Q1b, Q2b, Q3b, are required, there-
by providing a clamp voltage VCL = 3*(3.3V) = 9.9V. Such
a clamp voltage may be undesirably high for some im-

plementations.
[0025] A mixture of GaN-based gated diodes and PN
diodes may be used to tune the clamp voltage VCL to a
desired value, thereby customizing the voltage to a par-
ticular implementation, e.g., to the turn-off threshold of a
depletion-mode HEMT in a particular GaN process. Fig-
ure 2C illustrates such a mixture that includes two PN
diodes Q1c, Q2c and one gated diode Q3c, which yields
a clamp voltage VCL between 7.5 and 8.1V. This mixture
provides a clamp voltage VCL higher than the desired 7V
level described previously, while potentially consuming
less die size than the voltage clamps 222a, 222b of Fig-
ures 2A and 2B. Other combinations of gated diodes and
PN diodes may be preferred in other implementations,
wherein the number of PN diodes sets a coarse (and
stable) clamp voltage, and the number of gated diodes
may fine tune the clamp voltage. Due to the relatively
wide range of their threshold voltages, the number of
gated diodes is minimized in typical implementations.
While Figures 2A, 2B, and 2C illustrate three specific
examples for implementing the voltage clamp 122, it
should be recognized that other circuits are possible and
that the inventive techniques described herein are not
limited to the exemplary voltage clamps shown in Figures
2A, 2B, and 2C.
[0026] Figure 3 illustrates basic voltage waveforms
310, 320, 330 corresponding to the operation of the pow-
er switch device 100 of Figure 1, including a voltage
clamp such as the voltage clamp 222c of Figure 2C. The
waveforms are based upon a voltage clamp 222c in which
the gated diode Q3c has a threshold voltage of 1.4V,
such that the overall clamp voltage VCL = 8V. The pull-
down resistor RPD of the failsafe pulldown circuit 120 has
a resistance of 1 KΩ. The first illustrated waveform 310
corresponds to the voltage VGKS across the control and
KS terminals 102, 104, the second illustrated waveform
320 corresponds to the voltage VGS across the gate and
source of the power switch Q1, and the third illustrated
waveform 330 corresponds to the voltage VPD_GS across
the gate and source of the pulldown switch Q2. The wave-
forms 310, 320, 330 correspond to a system in which the
power switch device 100 is switched at a frequency of
150 KHz, i.e., the period between times t1 and t3 is 6.67
msec. These voltages and timings are provided merely
for clarity of explanation, and it should be understood that
the specific values are likely to differ in other implemen-
tations. For example, current or future GaN-based
switches, or other switch types, may have different
threshold voltages than presented herein, in which case
the levels of the voltages used for driving power switch
devices based on such other switches may differ from
that shown in Figure 3.
[0027] At time t0, an external driver (not shown in Fig-
ure 1 for ease of illustration) drives the voltage VGKS to
12V, so as to turn on the normally-off power switch Q1.
This voltage (VGKS = 12V) provides a gate-to-source volt-
age VGS for the power switch Q1, and is further dropped
across the voltage clamp such that VGKS = VGS + VCL.
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The voltage clamp 222c clamps the voltage across it to
8V, which corresponds to a pulldown gate-to-source volt-
age VPD_GS of - 8V, as shown in the third waveform 330
between times t0 and t1. The voltage VGKS that is not
dropped across the voltage clamp provides a gate-to-
source voltage VGS = +4V for the normally-off power
switch Q1, as shown in the second waveform 320 be-
tween times t0 and t1. Such a level is well above the turn-
on threshold (e.g., 3.0) of the power switch Q1. Hence,
the power switch Q1 is set to conduct between times t0
and t1. The turn-on threshold voltage may vary in other
power switches, in which case a gate-to-source voltage
VGS that is higher or lower than that shown in Figure 3
may be preferred.
[0028] At time t1, the external driver stops supplying
voltage to power switch Q1. With no voltage (VGKS = 0V)
applied across the control and KS terminals 102, 104,
the voltage clamp has insufficient voltage to maintain its
forward biasing. Hence, the voltage clamp ceases con-
duction and the negative voltage across VPD_GS rises
back to zero. Stated alternatively, the voltage clamp ef-
fectively acts as open circuit. The pulldown resistor RPD
drains any residual charge from the pulldown source to
the pulldown gate, thus equalizing the voltages of the
pulldown gate and source. This is shown at time t1 of the
third waveform 330, after which the pulldown gate-to-
source voltage VPD_GS transitions from a voltage of -8V
to 0V. With the normally-on pulldown switch Q2 driven
thusly, the pulldown switch Q2 turns on thereby shorting
the gate and source of the power transistor Q1, i.e., VGS
= 0. As shown in the second waveform 320, this state
(VGS = 0) is held until time t2. During the interval between
times t1 and t2, the pulldown switch Q2 maintains the
power switch Q1 in an off state, and prevents ringing or
other noise from unintentionally switching on the power
switch Q1.
[0029] A time t2, the external driver drives the voltage
VGKS to 12V, and the above sequence is repeated.
[0030] Figure 4 illustrates a layout 400 for a power
switch device as described above in relation to Figure 1,
including an enhancement-mode power switch, such as
Q1, and a depletion-mode pulldown switch, such as Q2.
A drain rail 410 is provided near one edge of the layout
400, and a source rail 420 is provided at an opposite
edge of the layout 400. These rails 410, 420 may be
metallizations that connect to a conduction path, e.g., a
two-dimensional electron gas (2DEG) region, formed at
the heterojunction between GaN and AIGaN layers. Mul-
tiple such conduction paths are shown in the layout 400
as GaN fingers 440 that run orthogonal to the drain and
source rails 410, 420. (Only three of the GaN fingers 440
are explicitly denoted in the layout 400, but more are
shown. While not shown for ease of illustration, the GaN
fingers 440 connect to the drain and source rails 410,
420.) A gate rail 430 runs parallel to the source and drain
rails 410, 420, and is located near the source rail 420.
The gate rail 430 may be a metallization that is connected
to each of the GaN fingers 440 via a p-doped GaN layer

for each GaN finger. The gate rail 430 provides control
over the conduction paths of the GaN fingers 440, where-
as the p-doped GaN material between the gate rail 430
and the GaN fingers 440 raises the turn-on threshold of
the power switch, so as to convert it into an enhancement-
mode (normally-off) device.
[0031] As described previously, a pulldown switch,
such as the pulldown switch Q2 of Figure 1, switchably
connects the gate and source of the power switch Q1.
The pulldown switch is preferably located as close as
feasible to the gate and source of the power switch. The
layout 400 shows a distributed pulldown switch 450 be-
tween the gate and source rails 430, 420 of the power
switch. For example, the distributed pulldown switch 450
may be a depletion-mode (normally-on) HEMT fabricated
in the same GaN semiconductor die as the power switch,
and may include multiple cells (e.g., GaN fingers). As
illustrated, the pulldown switch has a pulldown drain cou-
pled to the gate rail 430 of the power switch at three
locations, and a pulldown source coupled to the source
rail 420 at three locations. Each of the three illustrated
parts of the pulldown switch 450 may correspond to a
cell, wherein each cell has a conduction path (e.g., 2DEG
region), and the cells are distributed along substantially
the entire length of the gate and source rails 430, 420.
In addition to providing support for higher current levels
than a single-cell HEMT, the distributed characteristic of
the illustrated pulldown switch 450 with multiple contact
points and multiple conduction paths provides a more
robust clamping of the power switch gate to the power
switch source, such that there is less potential for anom-
alous voltage perturbations (ringing, noise) to couple on-
to the power switch gate (e.g., the gate rail 430).
[0032] In addition to the power switch Q1 and the pull-
down switch Q2, the power switch device 100 of Figure
1 also includes a voltage clamp 122 and a pulldown re-
sistor RPD, which are advantageously also integrated into
the GaN die. For ease of illustration, the voltage clamp
122 and the pulldown resistor RPD are not shown in the
layout 400 of Figure 4. These components are preferably
located in the GaN die in between the gate rail 430 and
the source rail 420, or in a region of the GaN die that is
disposed on the side of the source rail 420 that is opposite
to the gate rail 430.
[0033] Figures 5A, 5B and 5C illustrate schematic di-
agrams for electronic power switch device systems 500a,
500b, 500c, including exemplary drivers. The power
switch device 100 of these figures is substantially the
same as that of Figure 1. The system 500a of Figure 5A
uses an isolated auxiliary supply 570 and a two-channel
driver 560 to drive the power switch device 100. The sys-
tems 500b, 500c of Figures 5B and 5C use a supply ca-
pacitor C2, and do not require an isolated supply, to pow-
er a two-channel driver 560, which drives the power
switch device 100. The system 500b supports a ground-
referenced power switch device 100, whereas the system
500c supports a power switch device 100 having a float-
ing source, as occurs in a scenario in which the power

9 10 



EP 3 745 466 A1

7

5

10

15

20

25

30

35

40

45

50

55

switch device 100 is the high-side switch of a half bridge.
[0034] The power switch device system 500a of Figure
5A includes the power switch device 100, a two-channel
driver 560, and an isolated auxiliary supply 570. The iso-
lated auxiliary supply 570 is connected to a power supply
rail Vcc and a ground. The isolated auxiliary supply 570
typically includes a transformer and switching circuitry,
so as to provide an output voltage across a filter capacitor
C2. (For ease of illustration and because isolated sup-
plies are generally known, transformer and switching cir-
cuitry are not shown in Figure 5A. Such a transformer
may provide a step up, step down, or unity gain of the
input voltage Vcc.) This output voltage may be level shift-
ed relative to the ground reference, e.g., to support an
application in which the source (S) of the power switch
device 100 is not at a ground reference. The reference
level for the voltage output from the isolated auxiliary
supply 570 is set by the two-channel driver 560 which,
in turn, may set this reference level based on the voltage
of the connection to the KS terminal 104.
[0035] The two-channel driver 560 includes first and
second driver channels 562, 564 for driving a control sig-
nal to the control terminal 102 of the power switch device
100, which corresponds to the gate (G) of the power
switch Q1. An input signal IN, which is typically a digital
pulse-width-modulated (PWM) voltage waveform, con-
trols when the channels 562, 564 are turned on and off.
The voltages output from the driver channels 562, 564
are referenced to the voltage of the KS terminal 104, and
have active voltage levels that are based upon the output
of the isolated auxiliary supply 570. A GaN-based GIT is
preferably provided with a high-current initial turn-on
pulse to transition the GIT to its on state, and a lower
current level to maintain the on state. A capacitor-resistor
circuit C1, R1 generates such an initial pulse condition,
and the initial turn-on pulse is driven by the second driver
channel 564 and the resistor R3. Subsequently, the first
driver channel 562 and the resistor R2 provide a lower
current level to maintain the on state until the input signal
IN commands the driver 560 to switch the power switch
device 100 to its off state. The resistors R2 and R3 are
current-limiting resistors that may be tuned to provide
desired turn-on and steady-state drive currents for the
power switch device 100. Resistor R3 typically has a
smaller resistance than resistor R2.
[0036] The power switch device system 500b of Figure
5B is similar to the system 500a of Figure 5A, except that
its two-channel driver 560 does not require an isolated
power supply and is instead powered from a voltage sup-
ply Vcc in conjunction with a supply capacitor C2. The
system 500b may support a ground-referenced voltage
at the second load terminal 108.
[0037] Power is supplied to the two-channel driver 560,
via supply rail Vcc and supply capacitor C2, in a manner
similar to that used for powering a conventional power
switch, e.g., a power MOSFET or an Insulated-Gate Bi-
polar Transistor (IGBT), except for inclusion of a diode
D1 connecting the supply capacitor C2 and KS terminal

104 to the second load terminal 108 (source of power
switch Q1). During intervals when the power switch de-
vice 100 is turned off, the supply capacitor C2 is charged,
from Vcc, to at least a turn-on voltage level required for
turning on the power switch device 100, wherein this turn-
on voltage is applied across the control terminal 102 (gate
of power switch Q1) and the KS terminal 104. To accom-
plish such charging, the negative side of the supply ca-
pacitor C2 must be connected to an appropriate refer-
ence. The diode D1 forces current to flow through the
failsafe pulldown circuit 120 instead of through the source
terminal (S) back to the supply capacitor C2. The diode
D1 provides an alternative path for connecting the neg-
ative side of the supply capacitor C2 to the power switch
source (S), so that the supply capacitor C2 may be
charged. The diode D1 also prevents current flow from
the second load terminal 108 to the KS terminal 104, so
that the failsafe pulldown 120 can operate as described
previously. During intervals when the power switch de-
vice 100 is turned on, the failsafe pulldown circuit 120
provides a negative voltage at the KS terminal 104, rel-
ative to the power switch source (S), such that the diode
D1 is not forward biased and does not affect the voltage
at the KS terminal 104.
[0038] Figure 5C illustrates a schematic diagram for a
system 500c making use of a bootstrap driver circuit. This
circuitry for driving the power switch device 100 is similar
to bootstrap driver circuitry that may be used in driving
other transistors including, e.g., conventional MOSFETs
or IGBTs, except for the diode D1. The diode D1 is con-
figured in the same manner as in the system 500b of
Figure 5B, and provides a path to the second load termi-
nal 108 (and the source of the power switch Q1) for charg-
ing the supply capacitor C2. A bootstrap diode D2 isolates
the supply capacitor C2 when the voltage at the positive
side of the supply capacitor C2 rises to a level near the
voltage of Vcc. This allows the voltage reference, e.g.,
the voltage at the negative side of the supply capacitor
C2, to float above a ground reference while a drive volt-
age is maintained across the supply capacitor C2.
[0039] The system 500c may be, e.g., part of a half-
bridge circuit in which the power switch device 100 serves
as the high-side switch. When a low-side switch (not
shown for ease of illustration) is turned on, the second
load terminal 108 is pulled close to ground. (The high-
side power switch device 100 is off during this interval.)
The negative side of supply capacitor C2 is set to a low
voltage level, which is the ground reference plus any volt-
age drop across the diode D1 (e.g., 0.7V) and the low-
side switch. Current flows from the Vcc rail, via the boot-
strap diode D2, to charge the supply capacitor C2. The
resultant voltage across supply capacitor C2 will be the
voltage of Vcc less the drops across the diodes D1, D2
and the low-side switch. Once the low-side switch is
turned off, the second load terminal 108 is no longer cou-
pled to ground, and may float to a higher voltage. The
two-channel driver 560 turns on the power switch device
100 by applying the voltage from supply capacitor C2
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across the control terminal 102 and the KS terminal 104.
[0040] The systems 500a, 500b, 500c of Figure 5A,
5B, and 5C merely provide example circuits for driving
the power switch device 100. Other driving circuits are
possible, and may be preferred in some applications. It
is noteworthy that conventional two-voltage-level driving
circuits, as used with conventional MOSFETs and IGBTs,
may be used for driving the power switch device 100.
The complex circuitry typically used for driving GaN-
based GITs may thus be avoided.
[0041] Although the present disclosure is not so limit-
ed, the following numbered examples demonstrate one
or more aspects of the disclosure.

Example 1. A power device that includes a normally-
off power transistor, first and second load terminals,
a control terminal, an effective Kelvin-source (KS)
terminal, and a failsafe pulldown circuit. The first load
terminal is electrically connected to a drain of the
power transistor, the second load terminal is electri-
cally connected to a source of the power transistor,
and the control terminal is electrically connected to
a gate of the power transistor. The failsafe pulldown
circuit comprises a normally-on pulldown transistor
and a pulldown control circuit for controlling the pull-
down transistor. The pulldown transistor has a pull-
down gate, a pulldown source and a pulldown drain,
and is configured to short the power transistor gate
to the power transistor source, unless a turn-on volt-
age of the power device is applied across the control
terminal and the KS terminal. The pulldown control
circuit is connected between the pulldown gate and
the pulldown source, and is configured to autono-
mously apply a negative voltage to the pulldown
gate, relative to the pulldown source, when a turn-
on voltage is applied between the control and the KS
terminals. The pulldown control circuit is further con-
figured to autonomously discharge the negative volt-
age when the turn-on voltage is not applied between
the control and KS terminals. Hence, the failsafe pull-
down circuit prevents the normally-off power transis-
tor from conducting when the power transistor is in-
tended to be held in its off (non-conducting, blocking)
state.

Example 2. The power device of example 1, wherein
the pulldown control circuit includes a resistor cou-
pled between the pulldown gate and the pulldown
source, so as to autonomously discharge the nega-
tive voltage when the turn-on voltage is not applied
between the control terminal and the KS terminal.

Example 3. The power device of example 1, wherein
the pulldown control circuit comprises a voltage
clamp coupled between the pulldown source and the
pulldown gate, so as to apply the negative voltage
to the pulldown gate relative to the pulldown source
when a voltage that is higher than a required thresh-

old voltage to turn on the normally-off power transis-
tor and turn off the pull down switch is being applied
between the control terminal and the KS terminal.

Example 4. The power device of example 3, wherein
the voltage clamp is comprised of one or more diodes
coupled in series, and a combined threshold voltage
of the one or more diodes provides the negative volt-
age applied to the pulldown gate, relative to the pull-
down source, such that the negative voltage is lower
than a negative turn-off threshold of the normally-on
pulldown transistor.

Example 5. The power device of example 1, wherein
the normally-off power transistor is an enhancement-
mode Gallium Nitride (GaN) High Electron Mobility
Transistor (HEMT).

Example 6. The power device of example 5, wherein
the enhancement-mode GaN HEMT is a Gate Injec-
tion Transistor (GIT).

Example 7. The power device of example 5, wherein
the normally-on pulldown transistor is a depletion-
mode GaN HEMT.

Example 8. The power device of example 1, wherein
the turn-on voltage is a positive voltage that equals
or exceeds a sum of a turn-on threshold voltage of
the normally-off power transistor and a magnitude
of a turn-off threshold voltage of the normally-on pull-
down transistor. The normally-on pulldown transistor
is arranged to short the gate to the source when a
voltage applied across the control terminal and the
KS terminal is smaller than the magnitude of the turn-
off threshold voltage of the normally-on pulldown
transistor. The pulldown control circuit is configured
to autonomously discharge the negative voltage
when a voltage applied across the control terminal
and the KS terminal is smaller than the magnitude
of the turn-off threshold voltage of the normally-on
pulldown transistor.

Example 9. An electronic switch device that includes
a normally-off power transistor, first and second load
terminals, a control terminal, an effective Kelvin-
source (KS) terminal, and a failsafe pulldown circuit.
The first load terminal is electrically connected to a
drain of the power transistor, the second load termi-
nal is electrically connected to a source of the power
transistor, and the control terminal is electrically con-
nected to a gate of the power transistor. The power
transistor and the failsafe pulldown circuit are inte-
grated on the same semiconductor die. The failsafe
pulldown circuit comprises a normally-on pulldown
transistor and a pulldown control circuit for control-
ling the pulldown transistor. The pulldown transistor
has a pulldown gate, a pulldown source and a pull-
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down drain, and is configured to short the power tran-
sistor gate to the power transistor source, unless a
turn-on voltage of the power device is applied across
the control terminal and the KS terminal. The pull-
down control circuit is connected between the pull-
down gate and the pulldown source, and is config-
ured to autonomously apply a negative voltage to
the pulldown gate, relative to the pulldown source,
when a turn-on voltage is applied between the con-
trol and the KS terminals. The pulldown control circuit
is further configured to autonomously discharge the
negative voltage when the turn-on voltage is not ap-
plied between the control and KS terminals. Hence,
the failsafe pulldown circuit prevents the normally-
off power transistor from conducting when the power
transistor is intended to be held in its off (non-con-
ducting, blocking) state.

Example 10. The electronic switch device of example
9, wherein the semiconductor die comprises a group
III-V material.

Example 11. The electronic switch device of example
10, wherein the group III-V material is Gallium Nitride
(GaN).

Example 12. The electronic switch device of example
11, wherein the normally-off power transistor is an
enhancement-mode GaN High Electron Mobility
Transistor (HEMT).

Example 13. The power device of example 12,
wherein the enhancement-mode GaN HEMT is a
Gate Injection Transistor (GIT).

Example 14. The electronic switch device of example
12, wherein the normally-on pulldown transistor is a
depletion-mode GaN HEMT.

Example 15. The electronic switch device of example
12, wherein the pulldown control circuit comprises a
voltage clamp coupled between the pulldown source
and the pulldown gate, so as to provide the negative
voltage, and the voltage clamp comprises one or
more GaN-HEMT-based diodes.

Example 16. The electronic switch device of example
15, wherein the one or more GaN-HEMT-based di-
odes comprise at least one of a gated diode and a
PN diode. The gated diode comprises a normally-off
GaN HEMT in which its source and its gate are cou-
pled together to form an anode, and a drain of said
GaN HEMT forms a cathode. The PN diode com-
prises a normally-off GaN HEMT in which its source
and its drain are coupled together to form an cathode,
and a gate of said GaN HEMT forms an anode.

Example 17. The electronic switch device of example

15, wherein the one or more GaN-HEMT-based di-
odes are coupled in series, and are configured such
that a combined threshold voltage of the GaN-
HEMT-based diodes provides the negative voltage
applied to the pulldown gate, relative to the pulldown
source, such that the negative voltage is lower than
a negative turn-off threshold of the normally-on pull-
down transistor.

Example 18. The electronic switch device of example
14, wherein the pulldown control circuit comprises a
resistor coupled between the pulldown gate and the
pulldown source, so as to autonomously discharge
the negative voltage when the turn-on voltage is not
applied between the control terminal and the KS ter-
minal, wherein the resistor is formed in the GaN sem-
iconductor die.

Example 19. The electronic switch device of example
18, wherein the resistor is comprised of a two-dimen-
sional electron gas (2DEG) region of the GaN sem-
iconductor die.

Example 20. The electronic switch device of example
9, wherein the turn-on voltage is a voltage that equals
or exceeds a sum of a turn-on threshold voltage of
the normally-off power transistor and a magnitude
of a turn-on threshold voltage of the normally-on pull-
down transistor.

Example 21. The electronic switch device of example
9, wherein a channel of the normally-on pulldown
transistor is interposed between a metallization of
the gate of the normally-off power transistor and a
metallization of the source of the normally-off power
transistor.

Example 22. The electronic switch device of example
9, wherein the normally-off power transistor compris-
es: multiple fingers, each comprising a channel re-
gion; a gate rail metallization connected to gates for
each of the multiple fingers; and a source rail met-
allization connected to each of the multiple fingers,
wherein the normally-on pulldown transistor com-
prises multiple pulldown channels, each of which is
interposed between the gate rail metallization and
the source rail metallization, and wherein the multiple
pulldown channels are distributed along a length of
the gate rail metallization and the source rail metal-
lization.

Example 23. A power device that includes a normal-
ly-off power transistor, first and second load termi-
nals, a control terminal, an effective Kelvin-source
(KS) terminal, and a failsafe pulldown circuit. The
first load terminal is electrically connected to a drain
of the power transistor, the second load terminal is
electrically connected to a source of the power tran-
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sistor, and the control terminal is electrically connect-
ed to a gate of the power transistor. The failsafe pull-
down circuit comprises a normally-on pulldown tran-
sistor and a pulldown control circuit. The normally-
on pulldown transistor comprises a pulldown source,
a pulldown drain and a pulldown gate, and is coupled
between the gate and the source of the normally-off
power transistor. The pulldown control circuit is con-
nected between the pulldown gate and the pulldown
source, and comprises a resistor and a voltage
clamp coupled in parallel between the pulldown gate
and the pulldown source.

[0042] As used herein, the terms "having," "contain-
ing," "including," "comprising," and the like are open-end-
ed terms that indicate the presence of stated elements
or features, but do not preclude additional elements or
features. The articles "a," "an" and "the" are intended to
include the plural as well as the singular, unless the con-
text clearly indicates otherwise.
[0043] It is to be understood that the features of the
various embodiments described herein may be com-
bined with each other, unless specifically noted other-
wise.

Claims

1. A power device, comprising:

a normally-off power transistor (Q1) comprising
a gate (G), a source (S), and a drain (D);
a control terminal (102) electrically connected
to the gate (G);
a first load terminal (106) electrically connected
to the drain (D);
a second load terminal (108) electrically con-
nected to the source (S);
a Kelvin-source (KS) terminal (104); and
a failsafe pulldown circuit (120) comprising:

a normally-on pulldown transistor (Q2) con-
figured to short the gate (G) to the source
(S) when no voltage is applied across the
control terminal (102) and the KS terminal
(104), and comprising a pulldown gate, a
pulldown source, and a pulldown drain; and
a pulldown control circuit connected be-
tween the pulldown gate and the pulldown
source, and configured to autonomously
apply a negative voltage to the pulldown
gate, relative to the pulldown source, when
a turn-on voltage is applied between the
control terminal and the KS terminal, and to
autonomously discharge the negative volt-
age when the turn-on voltage is not applied
between the control terminal and the KS ter-
minal.

2. The power device of claim 1, wherein the pulldown
control circuit (120) comprises: a resistor (RPD) cou-
pled between the pulldown gate and the pulldown
source, so as to autonomously discharge the nega-
tive voltage when the turn-on voltage is not applied
between the control terminal (102) and the KS ter-
minal (104).

3. The power device of claim 1 or 2, wherein the pull-
down control circuit (120) comprises:
a voltage clamp (122) coupled between the pulldown
source and the pulldown gate, so as to apply the
negative voltage to the pulldown gate relative to the
pulldown source when a voltage that is higher than
a required threshold voltage to turn on the normally-
off power (Q1) transistor and to turn off the pull down
switch (Q2) is being applied between the control ter-
minal (102) and the KS terminal (104).

4. The power device of claim 3, wherein the voltage
clamp (122) is comprised of one or more diodes (Q1a
- QNa; Q1b - QNb; Q1c - QNc) coupled in series,
and a combined threshold voltage of the one or more
diodes (Q1a - QNa; Q1b - QNb; Q1c - QNc) provides
the negative voltage applied to the pulldown gate,
relative to the pulldown source, such that the nega-
tive voltage is lower than a negative turn-off thresh-
old of the normally-on pulldown transistor (Q2).

5. The power device of any one of claims 1 to 4, wherein
the normally-off power transistor (Q1) is an enhance-
ment-mode Gallium Nitride (GaN) High Electron Mo-
bility Transistor (HEMT).

6. The power device of claim 5, wherein the enhance-
ment-mode GaN HEMT is a Gate Injection Transistor
(GIT).

7. The power device of any one of claims 1 to 6, wherein
the normally-on pulldown transistor (Q2) is a deple-
tion-mode GaN HEMT.

8. The power device of any one of claims 1 to 7,
wherein the turn-on voltage is a positive voltage that
equals or exceeds a sum of a turn-on threshold volt-
age of the normally-off power transistor (Q1) and a
magnitude of a turn-off threshold voltage of the nor-
mally-on pulldown transistor (Q2),
wherein the normally-on pulldown transistor (Q2) is
arranged to short the gate (G) to the source (S) when
a voltage applied across the control terminal (102)
and the KS terminal (104) is smaller than the mag-
nitude of the turn-off threshold voltage of the normal-
ly-on pulldown transistor (Q2), and
wherein the pulldown control circuit (120) is config-
ured to autonomously discharge the negative volt-
age when a voltage applied across the control ter-
minal (102) and the KS terminal (104) is smaller than
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the magnitude of the turn-off threshold voltage of the
normally-on pulldown transistor (Q2).

9. The power device of any one of claims 1 to 8,
wherein the normally-off power transistor (Q1) is in-
tegrated in a semiconductor die, and wherein the a
failsafe pulldown circuit (120) is integrated in the
same semiconductor die as the normally-off power
transistor (Q1).

10. The power device of claim 9, wherein the semicon-
ductor die comprises a group III-V material such as,
for example, Gallium Nitride (GaN).

11. The power device of claim 10, wherein the voltage
clamp (122) comprises one or more GaN-HEMT-
based diodes (Q1a - QNa; Q1b - QNb; Q1c - QNc).

12. The power device of claim 10 or 11, wherein the re-
sistor (RPD) of the pulldown control circuit (120) is
comprised of a two-dimensional electron gas
(2DEG) region of the GaN semiconductor die.

13. The electronic switch device of any one of claims 9
to 12, wherein a channel of the normally-on pulldown
transistor (Q2) is interposed between a metallization
of the gate (G) of the normally-off power transistor
(Q1) and a metallization of the source (S) of the nor-
mally-off power transistor (Q1).

14. The electronic switch device of any one of claims 9
to 13, wherein the normally-off power transistor (Q1)
comprises:

multiple fingers, each comprising a channel re-
gion;
a gate rail metallization connected to gates for
each of the multiple fingers; and
a source rail metallization connected to each of
the multiple fingers,
wherein the normally-on pulldown transistor
comprises multiple pulldown channels, each of
which is interposed between the gate rail met-
allization and the source rail metallization, and
wherein the multiple pulldown channels are dis-
tributed along a length of the gate rail metalliza-
tion and the source rail metallization.

15. A power device, comprising:

a normally-off power transistor (Q1) comprising
a gate (G), a source (S), and a drain (D);
a control terminal (102) electrically connected
to the gate (G);
a first load terminal (106) electrically connected
to the drain (D);
a second load terminal (108) electrically con-
nected to the source (S);

a Kelvin-source (KS) terminal (104); and
a failsafe pulldown circuit (120) comprising:

a normally-on pulldown transistor (Q2) com-
prising a pulldown source, a pulldown drain
and a pulldown gate, and coupled between
the gate (G) and the source (S); and
a pulldown control circuit connected be-
tween the pulldown gate and the pulldown
source, and comprising a resistor (RPD) and
a voltage clamp (122) coupled in parallel
between the pulldown gate and the pull-
down source.
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